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Stress responseUgp1, a UDP-glucose pyrophosphorylase, is essential for various cellular activities in Saccharomyces
cerevisiae because its product, UDP-glucose, is a sole glucosyl donor in several metabolic pathways.
Here, we report that Msn2/4 play a crucial role in the regulation of UGP1 expression. Msn2/4 bound
to three stress response elements in the UGP1 promoter in a protein kinase A (PKA)-dependent
manner. Several stresses induced UGP1 transcription, suggesting that the regulation of UGP1
mediated by Msn2/4 is involved in general stress response. Furthermore, the phosphate response
(PHO) pathway also controlled Msn2/4-dependent regulation of UGP1, providing a novel link
between the PKA and PHO pathways. Our data suggest that signals of the PKA, PHO and stress
response pathways regulate UGP1 expression via Msn2/4 in S. cerevisiae.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
To respond appropriately to changes in the extracellular envi-
ronment, all organisms constantly monitor surrounding conditions
and transmit this information into cells for efﬁcient resource allo-
cation. Ultimately, the external signals are transmitted to control
gene expression patterns so that cells can reprogram their metabo-
lism to adjust the levels of several kinds of metabolites [1]. Among
them, glucose metabolism plays a signiﬁcant role in cellular energy
production, synthesis of storage molecules and structural building
blocks [2]. Since organisms must cope with cycles of glucose avail-
ability and limitation, proper glucose partitioning is necessary for
maintaining cellular homeostasis [3].
UDP-glucose (UDP-Glc) lies at a strategic point in glucose parti-
tioning because it acts as a sole glucosyl donor for crucial metabo-
lites [4]. For example, UDP-Glc is a vital building block in the
synthesis of structural and storage polysaccharides such asglycogen in animals and yeast [4,5], cellulose in plant [6] and
b-glucan in yeast [4]. Disaccharides like sucrose in plant [6] and
trehalose in yeast and slime mold [4,7] are also synthesized
from UDP-Glc. Besides, UDP-Glc is involved in the synthesis of
glycolipids, glycoproteins and proteoglycans [8–10]. It is also a
precursor of UDP-glucuronic acid and other UDP-activated sugars
used in various processes [11–13]. Additionally, the utilization of
galactose in the Leloir pathway requires UDP-Glc for the synthesis
of UDP-galactose [14].
The formation of UDP-Glc is facilitated by UDP-glucose
pyrophosphorylase (UGPase), which reversibly catalyzes the
interconversion of UDP-Glc and pyrophosphate from UTP and
glucose-1-phosphate [4]. Because of the pivotal role of UDP-Glc,
UGPase has been ubiquitously found in all three kingdoms of life
and considered as a key enzyme in carbohydrate metabolism in
diverse organisms.
Previous investigations of UGPase have focused primarily on the
regulation of its expression level. In bacteria, defective UGPase
mutations result in lower levels of capsular polysaccharides,
lipopolysaccharides and virulence factors, and those mutant
strains show severe sensitivity to antibiotics and reduced cell
invasion ability [15–17]. In plants, substantial reduction in
soluble sugars is observed when UGPase level is reduced [18,19].
When the level of UGPase is upregulated in bacteria, the
production of UDP-Glc and polysaccharides is enhanced [20,21].
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lulose, resulting in enhanced vegetative growth in plants [22–24].
High copies of UGPase in yeast cells suppress their sensitivity to
the cell wall-perturbing agent killer toxin [25] and yeast cells with
unphosphorylated Ugp1 are less sensitive to killer toxin [26]. These
ﬁndings suggest that the regulation of UGPase is closely related to
the strategy of glucose partitioning in cells. However, the regula-
tory mechanisms of UGPase in cells remain largely unknown.
Msn2 and Msn4 are two redundant zinc ﬁnger transcription fac-
tors that regulate the general stress response in Saccharomyces
cerevisiae [27,28]. In response to various types of stresses such as
oxidative stress, heat shock, osmotic stress, high ethanol concen-
tration and nutrient depletion, Msn2/4 positively control about
200 genes [1,29–31]. For transcription activation, Msn2/4 bind to
DNA consensus sequence, the stress response element (STRE), in
the promoters of target genes [27,28]. Under normal conditions,
Msn2/4 are located in the cytoplasm. However, under stress condi-
tions, Msn2/4 are translocated into the nucleus [32]. This translo-
cation of Msn2/4 is negatively regulated by the protein kinase A
(PKA) pathway [32,33]. Besides, other known pathways such as
the target of rapamycin (TOR) pathway are linked to Msn2/4
activity [34–36].
In this study, we found that the expression of UGP1, which
encodes UGPase in S. cerevisiae, is affected by PKA activity. Among
several transcription factors, Msn2/4mainly participated in the reg-
ulation ofUGP1 by physically binding to three STREs in the promoter
ofUGP1. Correlatingwith the fact thatMsn2/4 are stress-responsive
transcription factors, several stresses elevated the UGP1 mRNA
level. Interestingly, we observed that the cellular phosphate status
affects Msn2/4-dependent regulation of UGP1. Phosphate-deﬁcient
condition and loss of Pho85, a cyclin-dependent kinase [37],
increased UGP1 expression by inducing nuclear translocation of
Msn2. Based on our results, we suggest that Msn2/4-dependent
regulation of UGP1 contributes to glucose partitioning in yeast cells
to respond appropriately to external stimuli.
2. Materials and methods
2.1. Yeast strains and growth media
Yeast strains used in this study are listed in Table S1. Gene dis-
ruption and C-terminal tagging were carried out using the one-step
PCR-based gene targeting procedure [38]. Yeast cells were grown
in YPD medium (1% yeast extract, 2% peptone and 2% glucose) or
synthetic complete (SC) medium (0.67% yeast nitrogen base with-
out amino acids, 2% glucose and nutritional supplements) lacking
appropriate amino acids for selection [39]. Phosphate-depleted
medium was prepared by dissolving 20 g glucose, 5 g ammonium
sulfate, 13.6 mg vitamins, 1.84 mg trace elements, 0.5 g magne-
sium sulfate, 0.1 g sodium chloride, 0.1 g calcium chloride and
1.31 g all needed amino acids in 1 l water [39]. For phosphate
starvation, cells grown to log phase (OD600 = 1.0) in SC medium
were washed with distilled water and incubated in phosphate-
depleted medium. All cultures were incubated at 30 C.
2.2. Plasmid construction
Primer sequences used for plasmid construction are shown in
Table S2. Constitutively active Ras219V or inactive Ras222A mutants
were generated by the QuickChange multisite-directed mutagene-
sis protocol (Stratagene) and cloned into BamHI and SalI sites of
pRS415ADH vector. For the construction of the Ugp1-expressing
plasmids, the prUGP1-UGP1-GFP sequence was ampliﬁed from yeast
genomic DNA of HY1362 using a primer set pUGP1_pRS415 and
ADH1t_pRS415 and incorporated into pRS415 vector by the
one-step sequence and ligation-independent cloning (SLIC)method [40]. In order to remove putative Msn2-binding sites from
the UGP1 promoter sequence (STRED; see Fig. 3A), the 50 and 30
fragments of prUGP1-UGP1-GFP sequence lacking the nucleotides
from 531 to 441 were obtained by PCR ampliﬁcation using
primer sets pUGP1_pRS415/pUGP1_MSN2-4 and MSN2-4_2/
ADH1t_pRS415, respectively. The obtained DNA fragments were
incorporated into pRS415 vector by the SLIC method.
2.3. Gel electrophoresis and western blot analysis
Cell extracts were prepared by suspending cells in lysis buffer
(50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.01% NP-40, 1 mM
EDTA, 1 mM phenylmethylsulfonyl ﬂuoride, 1 mM benzamidine,
1 lg/ml leupeptin and 1 lg/ml pepstatin), followed by
bead-beating. Extracts were spun by centrifugation at 1600 g for
10 min at 4 C and the supernatant was subjected to sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis. Western blot analy-
sis was performed by standard methods with HRP-conjugated
anti-GFP antibody (sc-5384 HRP, Santa Cruz Biotechnology),
anti-hexokinase antibody (H2035-02, United States Biological)
and anti-rabbit antibody (A6154, Sigma–Aldrich).
2.4. Quantiﬁcation of mRNA
Total RNA was extracted from cells using the RNeasy Mini Kit
(Qiagen). 1 lg of total RNA was reverse transcribed in a 20 ll reac-
tion mixture containing MLV-reverse transcriptase (M-biotech)
and 0.1 lg of oligo-dT (M-biotech) at 42 C for 1 h. The amount
of mRNA was analyzed by quantitative PCR using the Applied
Biosystems 7300 Real-Time PCR system (Applied Biosystems).
Primer sequences used for quantitative PCR are shown in Table S3.
2.5. Chromatin immunoprecipitation (ChIP) assay
Chromatin immunoprecipitation assay was carried out as
described previously [41]. For ChIP of TAP-tagged proteins, 10 ll
of 50% slurry of pre-washed IgG agarose beads (GE Healthcare)
was incubated with 200 ll of each lysate at 4 C for 3 h. Input
and ChIP samples were analyzed by quantitative PCR using SYBR
Green (M-biotech). Relative fold enrichment was determined by
calculating the ratio of target regions to CUP1, an internal control,
using the comparative CT method [42]. Values for untagged strains
were normalized to 1. Primer sequences used for ChIP assay are
shown in Table S3.
2.6. Fluorescence microscopy
Fluorescence microscopy was performed on a Nikon Eclipse Ti
inverted microscope. Image analysis was performed using the
NIS-Elements AR3.1 microscopy software (Nikon) in order to deter-
mine the percentage of cells with predominately nuclear ﬂuores-
cence. At least 100 cells were counted for each determination.
2.7. Statistical analysis
All quantitative data are presented as mean ± standard devia-
tions of three independent experiments. Statistical differences
were determined by Student’s t-test with signiﬁcance set at
P < 0.01.
3. Results
3.1. The expression level of UGP1 is dependent on PKA activity
The putative regulators of UGPase has been investigated in
several organisms [43–46]. However, given the physiological
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tors of UGPase exist and have yet to be identiﬁed. To identify
upstream regulators of UGPase, we examined Ugp1 level in dele-
tion mutants of several candidate genes: RAS2 and IRA2 in the
PKA pathway [47], TOR1 in the TOR pathway [48], YAK1 in stress
responses [49], SNF1 in the AMP-activated protein kinase signaling
pathway [50] and SLT2 in the mitogen-activated protein kinase sig-
naling pathway [51]. A notable change in Ugp1 level was observed
in the PKA-related ras2D and ira2D mutants; Ugp1 level was sig-
niﬁcantly decreased in the ira2D mutant and was increased in
the ras2D mutant (Fig. 1A). There was little, if any, change in
Ugp1 level in other mutants.
Ras2 is a widely conserved small GTPase inducing the activation
of the cAMP-PKA pathway and Ira2 regulates Ras2 negatively as a
GTPase-activating protein [52]. To check whether the change in
Ugp1 level is caused by the alteration of PKA activity, we con-
structed plasmids expressing wild-type Ras2, constitutively active
Ras219V or inactive Ras222A mutant and introduced them into1.00 0.05 7.15
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Fig. 1. The expression of UGP1 is inversely regulated by PKA activity. (A) Total
protein was extracted from the indicated cells expressing chromosomally GFP-
tagged Ugp1, and immunoblotting was performed using a mouse anti-GFP antibody
for the detection of Ugp1-GFP. Hexokinase was used as a loading control. The
relative ratio of Ugp1 to hexokinase, normalized against that of wild-type (WT)
cells, is shown below each lane. Data are representative of at least three
independent experiments. (B) Total protein was extracted from ras2D cells with
chromosomally GFP-tagged Ugp1 containing pRS415ADH-RAS2 (Ras2WT),
pRS415ADH-RAS219V (Ras219V) or pRS415ADH-RAS222A (Ras222A), and
immunoblotting was performed using a mouse anti-GFP antibody for the detection
of Ugp1-GFP. The relative ratio of Ugp1 to hexokinase, normalized against that of
WT Ras2-expressing cells, is shown below each lane. Data are representative of at
least three independent experiments. (C) Total RNA was extracted from the same
cells as described in (B). Quantitative real-time reverse transcription-PCR analysis
was performed to measure the mRNA level of UGP1. Ampliﬁcation efﬁciencies were
validated and normalized against ACT1. The relative UGP1 mRNA level was
calculated as the ratio of the normalized mRNA level of the UGP1 to that of ACT1.
Values represent the average of three independent experiments, and error bars
indicate the standard deviation. Asterisks indicate P < 0.01, compared with WT
Ras2-expressing cells (Student’s t-test).ras2D cells. In Ras219V-expressing cells with high PKA activity, a
signiﬁcant reduction of Ugp1 level was observed (Fig. 1B). By con-
trast, in Ras222A-expressing cells with repressed PKA activity, Ugp1
level was considerably increased compared with wild-type
Ras2-expressing cells. This result suggests that the expression of
UGP1 is regulated in inverse proportion to PKA activity. To conﬁrm
that PKA-dependent regulation of UGP1 is transcriptionally con-
trolled, we measured the UGP1 mRNA level in the above cells. As
expected, the UGP1 mRNA level was also inversely regulated by
PKA activity (Fig. 1C), indicating that the expression of UGP1 is
under transcriptional control mediated by PKA activity.Fig. 2. Msn2/4 function as transcriptional activators of UGP1. (A) Total protein was
extracted from the indicated cells expressing chromosomally GFP-tagged Ugp1, and
immunoblotting was performed using a mouse anti-GFP antibody for the detection
of Ugp1-GFP. Hexokinase was used as a loading control. The relative ratio of Ugp1 to
hexokinase, normalized against that of wild-type (WT) cells, is shown below each
lane. Data are representative of at least three independent experiments. (B) Total
RNA was extracted from the indicated cells, and quantitative real-time reverse
transcription-PCR analysis was performed to measure the mRNA level of UGP1.
Ampliﬁcation efﬁciencies were validated and normalized against ACT1. The relative
UGP1 mRNA level was calculated as the ratio of the normalized mRNA level of the
UGP1 to that of ACT1. Values represent the average of three independent
experiments, and error bars indicate the standard deviation. Asterisks indicate
P < 0.01, compared with WT cells (Student’s t-test). (C) The time course of the UGP1
mRNA level under oxidative stress was measured by quantitative real-time reverse
transcription-PCR analysis as described in (B). After treatment of 1 mM H2O2, the
amount of UGP1 mRNA from WT or msn2D/4D cells was determined at 15-min
intervals.
3Fig. 3. Msn2/4 bind directly to STREs on the promoter of UGP1 for transcriptional
regulation. (A) Schematic representation of part of plasmids expressing Ugp1-GFP
under wild-type or STREs-deleted promoter. Three STREs (50-AGGGG-30) located at
534, 483 and 445 are indicated in the middle of the UGP1 promoter. (B) Total
protein was extracted from wild-type (WT) or ras2D cells containing pRS415-
prUGP1-UGP1-GFP (prUGP1) or pRS415-prUGP1(531441D)-UGP1-GFP plasmid
(STRED), and immunoblotting was performed using a mouse anti-GFP antibody
for the detection of Ugp1-GFP. The relative ratio of Ugp1 to hexokinase, normalized
against that of WT cells with pRS415-prUGP1-UGP1-GFP, is shown below each lane.
Data are representative of at least three independent experiments. (C) Total RNA
was extracted from the same cells as described in (B). Quantitative real-time
reverse transcription-PCR analysis was performed to measure the mRNA level of
UGP1. Ampliﬁcation efﬁciencies were validated and normalized against ACT1. The
relative UGP1mRNA level was calculated as the ratio of the normalized mRNA level
of the UGP1 to that of ACT1. Values represent the average of three independent
experiments, and error bars indicate the standard deviation. Asterisks indicate
P < 0.01, compared with WT cells with pRS415-prUGP1-UGP1-GFP (Student’s t-test).
(D) The degree of Msn2 binding to STRE-300, STRE-0 and STRE + 300 regions
(949650, 649349 and 34749 bp, respectively) in the UGP1 promoter
was measured using ChIP assay in WT, ira2D and ras2D cells expressing chromo-
somally TAP-tagged Msn2.
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transcription factors Msn2/4
Several transcriptions factors are known to regulate genes
under the control of the cAMP-PKA pathway. Based on the pres-
ence of DNA binding motif in the UGP1 promoter and functional
correlation with the cAMP-PKA pathway, we selected Msn2/4
[27], Pho4 [46], Gis1 [53], Crz1 [54] and Mig1 [55] as candidatetranscription factors that may be involved in the regulation of
UGP1. When Ugp1 level was examined in deletion mutants of the
candidate transcription factors, a notable reduction of Ugp1 level
was observed only in the msn2D/4D mutant (Fig. 2A). We also
observed that the UGP1 mRNA level was noticeably decreased in
the msn2D/4D mutant (Fig. 2B). Given that Msn2/4 transcriptional
activity is stimulated under stress condition [28,32], we then mea-
sured the time course of the UGP1 mRNA level during oxidative
stress. The transcript level of UGP1 in wild-type cells was increased
more than 3-fold at 30 min post-treatment with hydrogen perox-
ide (Fig. 2C). By contrast, no signiﬁcant ﬂuctuation in the UGP1
mRNA level was observed inmsn2D/4D cells. Taken together, these
results suggest that the expression of UGP1 is controlled at the
level of transcription by stress-responsive transcription factors
Msn2/4.
3.3. Msn2/4 regulates transcription of UGP1 by direct binding to STREs
in the UGP1 promoter
Msn2/4 are known to bind to the consensus sequence
(50-AGGGG-30) called STRE for the regulation of stress-responsive
gene expression [27]. We noticed that three STREs are present in
the middle of the UGP1 promoter (Fig. 3A). To investigate whether
Msn2/4-dependent transcriptional activation of UGP1 is mediated
via these STREs, we constructed plasmids expressing Ugp1-GFP
under the control of its own (prUGP1) or STREs-deleted promoter
(STRED). The plasmids were then introduced into wild-type and
ras2D cells and their promoter activities were analyzed by measur-
ing the protein level and mRNA content of UGP1. In wild-type cells,
the protein level of Ugp1 was substantially decreased under the
STRED promoter compared with that under the prUGP1 promoter
(Fig. 3B). The UGP1 mRNA level was also decreased under the
STRED promoter (Fig. 3C). Remarkably, the absence of STREs in
the UGP1 promoter almost completely abolished the increase in
the protein level and mRNA content of UGP1 in ras2D cells with
low PKA activity (Fig. 3B and C). These results suggest that STREs
in the UGP1 promoter are necessary for transcriptional activation
of UGP1.
To check whether Msn2/4 physically bind to STREs in the UGP1
promoter, we carried out ChIP assay using yeast strains in which
the endogenous MSN2 gene was modiﬁed to express C-terminal
TAP fusion protein. The UGP1 promoter region was divided into
three regions (STRE-300, STRE-0 and STRE+300) to enhance the
Fig. 4. Various types of stress provoke the expression of UGP1 through Msn2/4.
Wild-type (WT) or msn2D/4D cells with chromosomally GFP-tagged Ugp1 were
grown to mid-log phase and then treated with 1 mM H2O2 (Oxidative), 37 C (Heat),
1 M NaCl (Osmotic) or 7% ethanol (EtOH) for 30 min. (A) Total protein was extracted
from cells and immunoblotting was performed using a mouse anti-GFP antibody for
the detection of Ugp1-GFP. The relative ratio of Ugp1 to hexokinase, normalized
against that of wild-type control cells, is shown below each lane. Data are
representative of at least three independent experiments. (B) Total RNA was
extracted from cells and quantitative real-time reverse transcription-PCR analysis
was performed to measure the mRNA level of UGP1. Ampliﬁcation efﬁciencies were
validated and normalized against ACT1. The relative UGP1 mRNA level was
calculated as the ratio of the normalized mRNA level of the UGP1 to that of ACT1.
Values represent the average of three independent experiments, and error bars
indicate the standard deviation.
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Msn2 bound highly to the STRE-0 region containing three STREs
while it did not show signiﬁcant binding to other regions (Fig. 3D,
lower panel), suggesting that Msn2-dependent transcriptional
activation of UGP1 is mediated by physical binding of Msn2 to
STREs in the UGP1 promoter. Previously, it has been shown that
STRE-dependent transcription is negatively regulated by PKA activ-
ity [32,56]. Consistent with this report, the binding of Msn2 to the
STRE-0 regionwas considerably increased in ras2D cells withweak-
ened PKA activity (Fig. 3D, lower panel). By contrast, a signiﬁcant
reduction in the binding ofMsn2 to the STRE-0 regionwas observed
in ira2D cells with increased PKA activity. It is likely that physical
binding of Msn2/4 to STREs in the UGP1 promoter is attributed to
PKA-dependent nuclear localization of Msn2/4. In conclusion, these
ﬁndings suggest that STREs in the UGP1 promoter are necessary for
Msn2/4-dependent transcriptional activation of UGP1.
3.4. Elevated expression of UGP1 in response to several types of stress
is mediated by Msn2/4
Several studies have shown that the expression of UGP1 is
induced under various stresses [1,57,58]. We wondered whether
transcriptional activation of UGP1 under various stresses is medi-
ated by Msn2/4. To determine this, we measured the protein level
and mRNA content of UGP1 under several stress conditions.
Consistent with previous reports, the protein level of Ugp1 was
increased by oxidant, heat, hyperosmolarity and ethanol in
wild-type cells (Fig. 4A). The UGP1mRNA content of wild-type cells
was also elevated more than 3-fold under the same stress condi-
tions (Fig. 4B). However, the induction of the protein and mRNA
levels of UGP1 by various stresses was almost completely lost in
msn2D/4D cells, indicating that Msn2/4 mediate UGP1 induction
under stress conditions (Fig. 4A and B). Considering the role of
Msn2/4, it seems that the regulation of UGP1 is a part of the general
stress response system.
3.5. Non-canonical PHO pathway positively regulates the expression of
UGP1 by driving nuclear localization of Msn2/4
It has been reported that UGP1 is upregulated by the pho85D
mutation and that Pho4, a key transcription factor in the PHO path-
way, activates UGP1 expression by binding to the UGP1 promoter
[46]. However, unlike the previous study, we could not observe
the downregulation of UGP1 in the pho4D mutant (Fig. 2A and B).
To resolve the discrepancy, we examined the effect of pho85D
mutation on UGP1 expression. The protein level of Ugp1 was
increased in pho85D cells (Fig. 5A). The UGP1 mRNA level was also
signiﬁcantly increased in pho85D cells (Fig. 5B). Notably, loss of
Pho4 did not affect the upregulation of UGP1 induced by pho85D
mutation, indicating that Pho4 is not involved in UGP1 expression.
By contrast, in msn2D/4D cells, lowered expression of UGP1 was
not restored by pho85D mutation (Fig. 5B). These results suggest
that Msn2/4, but not Pho4, act downstream of Pho85 to regulate
UGP1 expression.
Given previous reports that phosphate depletion induces
UGPase expression in plants and causes Pho85 inactivation in yeast
[43,59], we postulated that phosphate starvation may increase
UGP1 expression like pho85D mutation. As expected, the protein
level of Ugp1 was considerably increased under phosphate starva-
tion (Fig. 5C). The UGP1mRNA level was also signiﬁcantly increased
under phosphate starvation (Fig. 5D). Phosphate starvation
increased the protein level and mRNA content of UGP1 also in
pho4D cells. However, in msn2D/4D cells, we did not observe any
increase in the protein level andmRNA content ofUGP1 under phos-
phate starvation. Thus, we conclude that the upregulation of UGP1
under phosphate starvation is mediated by Msn2/4 but not Pho4.To conﬁrm that Msn2/4 directly upregulates UGP1 under phos-
phate starvation, we checked subcellular localization of Msn2/4
when phosphate is depleted. Because the transcription factor activ-
ity of Msn2/4 is only manifested when their dephosphorylated
forms are translocated to the nucleus from the cytoplasm [32],
we measured the ratio of nuclear-localized Msn2. Under normal
condition, Msn2 was mainly localized to the cytoplasm and was
detected in the nucleus in only approximately 12% of wild-type
cells (Fig. 5E). When wild-type cells were starved for phosphate,
approximately 80% of cells showed nuclear translocation of
Msn2. pho4D cells showed a Msn2 localization pattern similar to
that of wild-type cells; Msn2 was predominantly cytoplasmic in
SC medium but was translocated to the nucleus in
phosphate-depleted medium (Fig. 5E). Interestingly, pho85D cells
exhibited considerably increased nuclear accumulation of Msn2
even under normal condition. In pho85D cells, nuclear accumula-
tion of Msn2 in SC medium was comparable to that in
phosphate-depleted medium (Fig. 5E). Taken together, these
results suggest that the activation of the PHO pathway by
pho85D mutation or phosphate depletion leads to UGP1 upregula-
tion in a manner dependent on Msn2/4 but not Pho4.
Fig. 5. Activation of the PHO pathway leads the induction of UGP1 in an Msn2/4-dependent manner. (A) Total protein was extracted from the indicated cells expressing
chromosomally GFP-tagged Ugp1 and immunoblotting was performed using a mouse anti-GFP antibody for the detection of Ugp1-GFP. Hexokinase was used as a loading
control. The relative ratio of Ugp1 to hexokinase, normalized against that of wild-type (WT) cells, is shown below each lane. Data are representative of at least three
independent experiments. (B) Total RNA was extracted from the indicated cells, and quantitative real-time reverse transcription-PCR analysis was performed to measure the
mRNA level of UGP1. Ampliﬁcation efﬁciencies were validated and normalized against ACT1. The relative UGP1 mRNA level was calculated as the ratio of the normalized
mRNA level of the UGP1 to that of ACT1. Values represent the average of three independent experiments, and error bars indicate the standard deviation. Asterisks indicate
P < 0.01, compared with WT cells (Student’s t-test). (C) WT, pho4D or msn2/4D cells were grown in SC medium to mid-log phase and then transferred to phosphate-depleted
medium for 2 h. Total protein was extracted from cells, and immunoblotting was performed as described in (A). (D) Total RNA was extracted from the same cells as described
in (C), and quantitative real-time reverse transcription-PCR analysis was performed as described in (B). (E) WT, pho4D or pho85D cells were grown in SC medium to mid-log
phase and then transferred to phosphate-depleted medium for 2 h. Subcellular localization of Msn2-GFP was analyzed by ﬂuorescence microscopy (upper panel). The
percentage of nuclear Msn2 is shown in the lower panel. Values represent the average of three independent experiments and at least 100 cells were counted for each
determination. Error bars indicate the standard deviation. Asterisks indicate P < 0.01, compared with control cells grown in SC medium (Student’s t-test).
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Balancing energy production and carbohydrate synthesis with
limited carbon source is an important survival strategy for cell via-
bility. UGPase plays a signiﬁcant role in cellular carbon allocation
and carbohydrate synthesis because the only glycosyl donorUDP-Glc is produced by UGPase [4]. Nonetheless, the precise
mechanism for the regulation of UGPase has remained unclear. In
this study, we found that UGPase encoded by UGP1 is controlled by
PKA activity in S. cerevisiae (Fig. 1). The PKA pathway has been
implicated in energy metabolism and carbohydrate mobilization
as the primary mediator in response to environmental changes
D.-G. Yi, W.-K. Huh / FEBS Letters 589 (2015) 2409–2416 2415[60]. Although the relevance between the PKA pathway and Ugp1
function has not been fully established yet, both the PKA pathway
and Ugp1 have been reported to regulate the cellular accumulation
of glycogen and trehalose [4,33,61]. Therefore, it seems likely that
the regulation of UGP1 is an initial step for the control of carbohy-
drate metabolism mediated by the PKA pathway.
Msn2/4 are general stress-responsive transcription factors reg-
ulating hundreds of genes by binding to their DNA-binding motif
[27]. In this study, we found that Msn2/4 regulate the expression
of UGP1 by directly binding to the UGP1 promoter (Fig. 3) and
UGP1 transcription is induced by Msn2/4 under several stress con-
ditions (Fig. 4). Previously, it has been reported that yeast cells
with overexpressed UGP1 can overcome growth defects caused
by cell wall toxins or perturbants [25]. Furthermore, the overex-
pression of UGPase induces the production of protective molecules
such as hyaluronic acid or salicylic acid 2-O-b-D-glucoside in other
organisms [20,62]. Taken together with previous results, our ﬁnd-
ing suggests that the regulation of UGP1 may constitute a kind of
cellular defensive tactic and the modulation of Ugp1 level may
be a universal process for cells to respond to stresses.
Previous studies have shown that the addition of inorganic
phosphate to phosphate-starved yeast cells enhances PKA activity
regardless of cAMP level and that the deletion of PHO85 elevates
the expression of stress response genes [63,64]. These results sug-
gest that the PHO and PKA signaling pathways are closely related
with each other. Consistent with this notion, we observed that
both phosphate starvation and loss of Pho85 induce nuclear local-
ization of Msn2, which is a typical phenotype of cells with low PKA
activity (Fig. 5C). Given that Pho85 is a cyclin-dependent kinase
[37], it will be interesting to investigate whether Msn2/4 is directly
phosphorylated by Pho85 or not.
In summary, our data suggest that not only the PKA and stress
response pathways but also the PHO pathway regulate transcrip-
tion factors Msn2/4 in S. cerevisiae. Activated Msn2/4 then induce
yeast UGPase, Ugp1, which plays a vital role in glucose partitioning
for carbohydrate synthesis. Collectively, we propose that the com-
binatorial regulation mediated by the PKA, PHO and stress
response pathways on the expression of Ugp1 controls glucose
ﬂow to the synthesis of various carbohydrates.
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